Feline panleucopenia virus (FPLV) was introduced in 1977 on Marion Island (in the southern Indian Ocean) with the aim of eradicating the cat population and provoked a huge decrease in the host population within six years. The virus can be transmitted either directly through contacts between infected and healthy cats or indirectly between a healthy cat and the contaminated environment: a speci¢c feature of the virus is its high rate of survival outside the host. In this paper, a model was designed in order to take these two modes of transmission into account. The results showed that a mass-action incidence assumption was more appropriate than a proportionate mixing one in describing the dynamics of direct transmission. Under certain conditions the virus was able to control the host population at a low density. The indirect transmission acted as a reservoir supplying the host population with a low but su¤cient density of infected individuals which allowed the virus to persist. The dynamics of the infection were more a¡ected by the demographic parameters of the healthy hosts than by the epidemiological ones. Thus, demographic parameters should be precisely measured in ¢eld studies in order to obtain accurate predictions. The predicted results of our model were in good agreement with observations.
INTRODUCTION
Determining the key variables responsible for microparasite persistence and the patterns of their subsequent endemicity is of crucial interest. In contrast to human infection diseases, knowledge of the infectious disease dynamics of wild mammalian populations is often quite fragmented (Gulland et al. 1993) . Only a few parasites have been monitored in natural populations in su¤cient detail for providing the necessary basis for testing the predictions of theoretical models. The most documented cases concern viruses characterized by direct transmission, such as the myxoma virus (Ross & Tittensor 1986; Trout et al. 1992) , the phocine distemper virus (Dietz et al. 1989; Harwood 1990; Heide-JÖrgensen et al. 1992) or the feline retroviruses (Courchamp et al. 1995; Fromont et al. 1997 Fromont et al. , 1998 Pontier et al. 1998) .
Another case is feline panleucopenia virus (FPLV). This virus was introduced on Marion Island with the aim of eradicating the cat population, which had become a serious threat to seabirds (Van Rensburg et al. 1987) . FPLV is characterized by a high virulence which mainly a¡ects kittens (Csiza et al. 1971) and cats which recover from infection and develop an immune response which lasts several years (Scott & Geissinger 1997) . The main novelty of FPLV is its high resistance outside the host, as it remains infectious for more than one year (Csiza et al. 1971) . Transmission may thus occur either directly through contacts between an infected cat and a healthy cat or indirectly when a healthy cat sni¡s the excrement of an infected cat. The relative implications of both modes of transmission in the persistence of the disease have not yet been analysed. One might expect that the high survival of the virus outside the host should enhance the likelihood of disease persistence.
Most current models have focused on directly transmitted viruses (Anderson & May 1991) . Here, we developed a new model in order to understand the e¡ect of the two modes of transmission on the host and virus dynamics. The model we used was deterministic and derived from the compartmental models of . The distinguishing characteristic of our model lies in the coupling of the equations describing the direct transmission (susceptible, infected and recovered (SIR) part) to an equation driving the indirect transmission, i.e. the dynamics of the spatial contamination of the environment. The demographic data available on the cat population since the introduction of the virus on Marion Island enabled us to assess whether the model ¢tted the data adequately. A particularly important variable in epidemiological models is the function describing the pattern of e¤cient contact rates between individuals. The number of new infections per time-unit depends on the relationship between population size (measured as a number or a density) and contact behaviour for e¤cient disease transmission. It is traditionally assumed that e¤cient contact rates are either stable (proportionate mixing) (Hethcote & Yorke 1984) or linearly increasing (mass action) ) with population density. As no information is currently available for FPLV, we compared the behaviours predicted by the model to observed data using two alternative forms, i.e. mass action and proportionate mixing, in order to determine which functional form is best adapted to describing the recruitment of new infected individuals. Ultimately, we conducted an elasticity analysis for determining which of the parameters of the model have the most in£uence on disease dynamics.
MATERIAL AND METHODS

(a) The host population
Marion Island is an island of 290 km 2 located in the southern Indian Ocean (46852' S, 37851'E). Five cats introduced in 1949 gave rise to a population estimated at 2137 individuals in 1975, 40% of the cats being less than one year old (Van Rensburg et al. 1987) . The mean density was equal to nine cats per square kilometre (cats were present on 234 km 2 ). The cat population was estimated at 3400 in March 1977 when the virus was introduced. We thus assumed that the cat population demography was Malthusian until the introduction of the virus. The annual increase in the population was estimated at 23% per year (Van Aarde 1978) .
In 1977, 96 cats were trapped, inoculated with FPLV by intraperitonal injection (Howell 1984) and then released (Van Aarde 1984) . The mean density dropped down to four cats per square kilometre within two years (Van Aarde 1984) . The population size was estimated at 615 cats in 1982 (Van Rensburg et al. 1987) , corresponding to an annual decrease of 29%. From 1982, the annual decay rate slowed down to 8%. Antibodies against FPLV were detected in surviving cats, suggesting that panleucopenia was unable to eradicate the cat population. An important culling e¡ort after 1982 caused the eradication of cats in 1991 (Bester 1993) .
(b) The virus
FPLV is a member of the parvoviridae family that infects all Felidae and some other carnivore species (Reif 1976) . It is a highly contagious cat viral disease characterized by severe gastroenteritis with fever, anorexia, vomiting, diarrhoea and marked leucopenia leading to the death of the animal (Legeay 1992) . The incubation period is very short (one to four days) (Legeay 1988) and infection lasts for two weeks. Infected cats are viremic for a few days and excrete the virus in their faeces, urine, saliva, vomitus and nasal and ocular discharges (Csiza et al. 1971; Reif 1976) .
Susceptible cats are infected by either direct contact with an infected carrier or by mechanical transmission via infected premises. The virus is resistant to physical conditions (Riser 1943) and may survive on infected premises for one year (Mac Pherson 1956 ). Receptivity does not di¡er between sexes (Reif 1976 ) but kittens are more susceptible (80% of mortality) than adults (20% of mortality) (Legeay 1988) . Infected cats that recover from infection develop an immunity for at least six years (Scott & Geissinger 1997) , do not become excreting carriers and have a normal life expectancy. Given the life expectancy of cats in natural populations (four to six years) (Pontier 1993) , we considered that immunity to the disease is lifelong. Immune females have a normal birth rate and kittens from immune females become susceptible when maternally derived antibody wanes at approximately ten weeks (Reif 1976 ).
(c) The model of FPLV propagation
The ¢rst part of the model was built on the framework of , 1991 . Let N be the density of cats at time t. The natality rate (b) and death rate (m) are constant, with a population growth rate of r b7m 4 0. In the absence of the parasite, the population grows exponentially (Van Aarde 1984) :
Once the virus is introduced, the population splits into three classes: susceptible (having density S), infectious (having density I) and recovered or immune (having density R) individuals. We assumed that all females, whatever their health status, have a normal birth rate and that their kittens become rapidly susceptible. Susceptible and immune individuals are assumed to die at a constant per-capita death rate m. Infected individuals su¡er an additional risk of mortality due to infection. Let 4 0 be the inverse of the length of the infectious period and let e be the proportion of infected cats subsequently recovering from the disease (0 5 e 51). We assumed that a cat that has recovered from infection is immune to reinfection for the rest of its life. The dynamics of FPLV within a population of cats is governed by the following set of di¡erential equations (¢gure 1):
and dR dt ÀmR eI.
Two forms of incidence function are considered: (i) (S, I, R) ma SI for the mass action model, where ma 4 0, or (ii) (S, I, R) pm SI/(P) for the proportionate mixing model, where pm 4 0 and P is the total population density (P S + I + R). This yields the model for direct transmission of the virus between an infected host and a susceptible one.
The second part of the model incorporates indirect transmission between a susceptible host and the contaminated environment. Cats mark their territory by spraying urine and leaving faeces at visually conspicuous sites. If detected, both urine and faeces are sni¡ed by both male and female cats (Bradshaw 1992 ). Here we assumed that susceptible cats are infected with contaminated faeces (because only a few viruses are contained in urine) (Pedersen 1988) .
The area contaminated by one infectious cat per unit of time is equal to the number of faeces left by an infectious cat per unit of time ( f ) multiplied by the surface area of one faeces (). On the other hand, infected areas of the environment are decontaminated at a rate d, with 1/d being the life expectancy of the virus outside the host. Let H(t) be the surface of the environment contaminated by the virus at time t and let H I be the total area where cats live on Marion Island. Then the dynamics of the environment contamination^decontamination are described by
f .
Equation (5) then becomes
The full model, which is denoted as susceptible, infected, recovered and contaminated (SIRC) (¢gure 1), was obtained by coupling together equations (2)^(4), which describe direct transmission and equation (8), which describes indirect transmission. The rate of indirect transmission of the disease allows coupling of both parts. Let be the rate at which each contaminated faeces leads to transmission of the disease when a cat sni¡s it. The force of infection is
The dynamics of FPLV within the population of cats can be written as a set of four coupled, nonlinear, ordinary di¡erential equations:
and dC dt (1 À C)I À dC.
( 1 3 ) The equation for the total density (P) reads dP dt rP À (I À e)I.
( 1 4 ) It follows from equation (14) that, for r 4 (17e), the density is still experiencing a Malthusian growth and the virus cannot control the cat population. From now on we shall assume that
( 1 5 ) It follows from equation (15) that the natality rate (b) is smaller than the overall death rate (m + (17e)) of infectious individuals.
(d) Elasticity analysis
In order to determine the set of parameters that have more in£uence on disease dynamics, we conducted a series of numerical simulations analysing the elasticity of the model results, i.e. the equilibrium population size (P) and equilibrium prevalence (i * ). Note that the equilibrium prevalence was known from equation (14), i.e. i * b7m/(17e), so that the analysis for i * could have been done analytically as well. This is also important because our model was based on parameter values estimated from available data and we had more con¢dence in the values of some parameters than others. The interval of variation was arbitrarily set at 10%. Let be one of the parameters of the model. We calculated e DP/PD and e Di * /i * D, where D 7 with AE10%.
RESULTS
(a) Equilibrium and stability analysis b7m/(17e). Numerical simulations suggest that it is locally stable as soon as both equations (15) and (16) hold. Thus, from a numerical point of view these two conditions seem to be su¤cient for the virus to control the host population. For large values of either or the virus controls the cat population at very low densities. When equations (15) or (16) are not satis¢ed then the host population resumes a Malthusian growth.
(ii) Proportionate mixing SIRC Still assuming equation (15) 51 can exist provided some extra and rather involved inequalities (not developed here) hold. It can be expressed in a close but complicated form with an asymptotic prevalence still given by i * 2 b7m/(17e). Numerical simulations ¢rst suggest that this endemic state is locally stable when it exists. For large and medium ranges of , the cat population is controlled at very low density. Next, when this endemic state does not exist (0, 0, 0, 0) can be either locally stable or not. Thus, both extinction and a Malthusian growth of the cat population can occur basically depending on the respective size of and (other parameters lying in the range of ¢eld data), e.g. for large The epidemiological part of the model is in black and the contamination of the area studied part is in grey. Susceptible cats are denoted S, infectious cats are denoted I and immune cats are denoted R. C represents the proportion of the surface area studied contaminated by the virus. The arrows represent the passage rates between the di¡erent compartments. b is the birth rate, m is the natural death rate, is the output rate of the infectious compartment, e is the proportion of the population which survives the disease, is the proportion of the island surface occupied by a cat territory and d is the natural rate of decontamination of the area studied infected by the virus. and are the direct and indirect rates of transmission of the disease, respectively. extinction occurs and for small and Malthusian growth occurs. 
(b) Application to biological data
We used data from Marion Island or, when lacking thereof, from other subantarctic cat populations (Kerguelen Islands) which were very similar in terms of the number of founder cats, host population dynamics, diet and climatic conditions. The area unit was the surface occupied by cats on Marion Island, i.e. 234 km 2 . All parameters were estimated per year. Natality (b) was estimated at 1.10 per cat per year (Kerguelen Islands) (Pascal 1980) . Based on the annual growth rate of the population before the introduction of the virus (r 23.3%), it was possible to estimate the natural mortality rate as m 0.89 per cat per year. Mortality due to the disease was strongly dependent on age (20% of infected adults and 20% of infected kittens died from the disease) (Legeay 1988) . Approximately 40% of the cat population was less than one year old (Van Rensburg et al. 1987) . Once infected a cat either died or recovered from the disease after two weeks. Thus, we assumed that infected individuals left the infectious compartment at a rate 26 ( is the inverse of the duration of the disease in a year, which was set at two weeks). The proportion of cats which recovered was e 0.56 (i.e. 0.40 Â 0.20 + 0.60Â 0.80). The virus survives one year outside the host, thus d 1. Cats shed their faeces at visually conspicuous sites in order to mark their territory. We assumed that the territory of an infected cat was contaminated over its whole surface. We used values of home range size estimated in similar conditions (Liberg et al. 2000) , i.e. 2.5 km 2 . Thus, we took 0.01 ( 2.5/234). The last two parameters of the model were somewhat unknown, i.e. and .
(c) Simulations
The densities of susceptible, infected and immune individuals are plotted against time in ¢gure 2. 
(i) Mass action SIRC
We selected 0.1, which was adapted from Fromont et al. (1998) and increased due to its numerous routes of direct transmission. By varying from 0.1 to 80, we observed that infected individuals increased rapidly within the ¢rst month, thereby spreading the virus through the whole population (¢gure 2a). The proportion of the total area contaminated by the virus increased strongly within the ¢rst year and slowly decreased thereafter (¢gure 2b). The population size at the equilibrium state was much lower than it would have been in the absence of infection, indicating that the virus was able to control the cat population. For 0.8, the total number of cats decreased from 3400 to 685 after six years (¢gure 2c), which is very close to observed ¢eld data (versus 615 AE107) (Van Rensburg et al. 1987) . The output of the model compared favourably with ¢eld data with respect to the course of the population size variation during the ¢rst six years following introduction of the virus (Van Rensburg et al. 1987) . Numerical simulations showed that small variations in and did not alter the transient dynamics drastically.
(ii) Proportionate mixing SIRC We selected 10, which was again adapted from Fromont et al. (1998) . Now, the cat population increased for small . Increasing led to control of the host population at acceptable densities, but recovering the observed transient dynamics required an unacceptable indirect transmission rate ( 20). Small variations in and did not alter this phenomenon.
At times of large and there was no signi¢cant di¡erence between the dynamics driven by the two incidence terms for direct transmission.
(iii) Indirect transmission alone
Numerical simulations showed dynamics similar to the previous case of proportionate mixing incidence. Figure 3 shows the results of this analysis. The parameters which most a¡ected the population size at equilibrium were the natural mortality rate (m) and birth rate (b), with the survival rate of the disease (e), length of the disease period () and transmission e¤ciency () of the direct route of transmission having a much lesser e¡ect. From its explicit expression, as derived from equation (14), the equilibrium prevalence was extremely sensitive to m and b and, to a much lesser degree, to e and . Summing up, FPLV will mainly be driven by the demographic parameters of the cat population and less importantly so by the characteristics of the infection (e and ). The impact of the infection on the host population size was also much more sensitive to the direct than indirect transmission mode of the infection.
(d) Elasticity analysis for mass action SIRC
DISCUSSION
To our knowledge, the model presented here is the ¢rst one devoted to parvovirus and provides an insight into understanding FPLV dynamics in domestic cat populations. The speci¢city of the host^parasite system modelled here lies in the two modes of propagation of the virus, i.e. through either direct contact between infectious and susceptible cats or indirect transmission between a healthy cat and the contaminated environment. The key parameter of the indirect transmission is which drives the dynamics of the surface of the area contaminated by the virus from the dynamic process of contaminationd econtamination of individual home ranges. The social and spatial organization of cat populations is highly variable (Liberg et al. 2000) as is the population dynamics (Pontier 1993) . One needs to bear in mind that the model has been applied to the particular case of a host population growing exponentially on a delimited area where individuals live in large home ranges. Although the model is relatively simple, it was possible to describe the dynamics of the epidemic disease accurately for the six years following the introduction of the virus to Marion Island. First, our simulation results showed that mass action was more satisfactory than proportionate mixing in describing the direct transmission dynamics on Marion Island. Second, because domestic cats had been eradicated by other means six years after the introduction of the virus to the island (Bester 1993) , it was not clear how the FPLV^cat system would have evolved naturally in the long term. When equations (15) and (16) were ful¢lled our model predicted that the infection was maintained, leading to a stable equilibrium. The host population decrease was huge (95% six years after the introduction of the virus, compared to a population free of FPLV) and the results showed that the virus was able to maintain the hosts at a low size (600 versus 3400 cats before introduction of FPLV). The predicted proportion of immune cats was ca. 29%, which falls within the range of values observed in continental cat populations (Fromont et al. 1996) . Third, the elasticity analysis allowed us to identify the most in£uential parameters in our model. The results showed that the epidemic dynamics were mainly driven by the demographic parameters of the healthy cats. Note, however, that, in natural conditions, parameters have di¡erent variability so their in£uence on the behaviour on the natural system was not fully re£ected by the sensitivity analysis of the model. A precise measure of these parameters in ¢eld studies is thus required. Simulations suggested that indirect transmission acts as a reservoir that supplies the host population with a few infected individuals but in su¤cient numbers to permit the virus to spread rapidly to the whole population through direct contacts.
Modelling domestic cat populations with di¡erent demographic schedules, i.e. logistic growth, as observed in most continental populations (Pontier 1993) , is needed in order to complete the results of the present study. These results are not easy to extrapolate to other cat populations exhibiting di¡erent demographic and social structures. A single indirect transmission can control the host population but this was ruled out here only because the transient behaviour did not ¢t the data. The same conclusion can be drawn for a direct incidence of the proportionate mixing type. Note that only this transmission mode can lead to the extinction of the host population. It was observed that more than 90% of individuals were immune in an urban cat population (Fromont et al. 1996) . The persistence of the virus in such conditions is probably greatly enhanced by its capacity for retaining infectivity in the environment for at least one year. Thus, when contacts between cats are low or when the proportion of immune cats is very high, the virus can persist between new generations of susceptible cats. This expectation is strengthened by the particular seasonal epidemiological pattern observed in most continental cat populations: a predominance of cases appears during summer and mostly corresponds to juveniles (e.g. Reif 1976) .
Keeping in mind that Marion Island may represent a typical model for a subantartic ecosystem where cats were introduced, one might conclude that the parvovirus is unable to eradicate such exponentially growing cat populations. This result is consistent with the fact that the antibody titres in the cat population increased after the introduction of the virus (Van Rensburg et al. 1987 ) which led to the decision of eradicating cats in other ways (culling operations) (Bloomer & Bester 1991) . However, maintaining a pest species at a low size might be a better strategy than eradication, depending on the situation . This is the case when a predator (cat) and its prey (rabbits and rodents) are simultaneously introduced to large islands , such as the Kerguelen Islands, where population elimination is much more di¤cult. Rabbits and rats might do more harm than cats, in which case control of cats might be preferable than eradication (Cleaveland et al. 1999; Courchamp et al. 1999) . On the other hand, if FPLV is a good candidate with regard to its ability to control island cat populations, the lack of speci¢city of the virus enhances the risk of establishment in non-target species (canids and felids) (Johnson 1964; Spencer 1991) . One must be highly cautious before using this pathogen as an agent for biological control on oceanic islands.
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APPENDIX A. MATHEMATICAL ANALYSIS OF THE MASS-ACTION SIRC MODEL
The cat^FPLV model with a mass-action incidence function reads as 
Now we substitute these relationships into equation (A1) at equilibrium and ¢nd 
The positivity D is equivalent to
The Jacobian of the mass action SIRC system is J (S,I,R,C)
(1 À C) 0 ÀI À d 
so that the trivial equilibrium is unstable because b 4 m. There is no simple formulation of the second implicit stationary state, but numerically it seems to be always stable with realistic values of the parameters of the model. Trout, R. C., Ross, J., Tittensor, A. M. & Fox, A. P. 1992 The e¡ect on a British wild rabbit population (Oryctolagus As this paper exceeds the maximum length normally permitted, the authors have agreed to contribute to production costs.
